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•  Pb02  particles  with  multiple  morphologies  and  phases  were  chemically  synthesized. 

•  The  electrode  made  with  P-Pb02  and  a-Pb02  (1:1)  displays  better  electrochemical  performance. 

•  The  electrode  can  deliver  a  capacity  of  183  mA  h  g_1  at  0.1  C  after  100  cycles. 

•  The  pretreated  electrode  displays  improved  stability  of  cycle. 
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In  order  to  explore  how  to  improve  the  electrochemical  performance  of  the  lead-acid  battery  positive 
active  material,  Pb02  particles  with  multiple  morphologies  and  phases  including  urchin-like  and  ball-like 
P-Pb02  particles  with  size  of  0.5—1  pm,  flower-like  a-Pb02  particles  with  size  of  1—2  pm  are  chemically 
synthesized.  These  samples  are  composed  of  different  smaller  nanoparticles.  The  electrode  made  with 
urchin-like  P-Pb02  and  flower-like  a-Pb02  in  the  ratio  of  1:1  can  deliver  a  discharge  capacity  of 
183  mA  h  g  1  at  0.1  C  after  100  cycles,  and  subsequent  rate  performance  test  shows  that  a  discharge 
capacity  of  97.2  mA  h  g-1  can  be  obtained  even  at  1  C.  Moreover,  this  kind  of  electrode  pretreated  in  1  M 
H2SC>4  solution  displays  improved  stability  of  cycle,  a  capacity  of  146.7  mA  h  g  1  can  be  obtained  after 
100  cycles,  and  its  corresponding  active  material  utilization  ratio  can  reach  65%. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  lead-acid  battery  has  relatively  lower  energy  and  power 
densities,  and  poor  cycling  performance  compared  with  other 
secondary  batteries  such  as  the  Ni— MH  or  the  Li-ion  [1,  2],  How¬ 
ever,  we  have  to  admit  that  the  lead-acid  battery  is  still  the  most 
widely  used  rechargeable  batteries  in  the  world  due  to  its  mature 
manufacturing  technology,  reliability  and  high  safety.  And  most 
importantly,  the  energy  cost  of  lead-acid  battery  is  2—3  times  lower 
than  that  of  other  types  of  batteries  [3],  Therefore,  taking  into  ac¬ 
count  economic  issues,  it  is  easy  to  understand  why  the  lead-acid 
battery  occupies  a  dominant  position  on  the  market.  Today,  the 
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development  of  solar,  wind  and  other  clean  energy  sources,  as  well 
as  the  micro  hybrid  electric  vehicles  brings  more  challenges  for  the 
lead-acid  battery  technology  innovation  [4-7],  Currently,  lead- 
carbon  battery  technology  is  considered  to  be  a  promising  solution, 
but  it  mainly  focuses  on  the  negative  plates.  As  we  all  know,  the 
traditional  manufacturing  process  of  lead-acid  battery  positive 
plate  usually  makes  the  utilization  ratio  of  Pb02  very  low,  and  en¬ 
ergy  density  in  the  range  of  only  30-40  W  h  kg-1  can  be  obtained 
[8—12],  To  some  extent  these  disadvantageous  factors  limit  the 
application  of  lead-acid  battery.  Thereby,  to  improve  the  positive 
active  materials  and  technology  is  imperative  for  advanced  lead- 
acid  batteries  with  higher  discharge  capacity  and  better  cycling 
performance. 

It  is  well  established  that  the  active  mass  on  the  positive  plate 
after  formation  is  composed  of  a-Pb02  and  [)-Pb02  [9, 10],  The  a- 
Pb02  crystals  form  the  active  mass  skeleton,  which  play  the  role  of 


324 


N.  Fan  et  al. /Journal  of  Power  Sources  254  (2014)  323-328 


conducting  the  current  throughout  the  positive  active  mass  in  the 
charge/discharge  processes  and  ensure  the  cycle  life  of  the  lead- 
acid  battery.  The  P-Pb02  crystals  are  electrochemically  active 
which  determine  the  capacity  of  the  positive  plates.  Consequently, 
the  cooperation  of  the  two  types  of  Pb02  is  very  important  for  the 
capacity  and  cycle  life  of  the  lead-acid  battery  [11,13].  Furthermore, 
recent  studies  have  shown  that  the  particle  properties  such  as  size, 
morphology  and  specific  surface  area  of  the  electrode  materials 
play  an  important  role  in  the  improvement  of  electrochemical  ac¬ 
tivity  of  electrodes  in  batteries  [14—16],  And  it  is  generally  accepted 
that  the  utilization  ratio  of  the  active  mass  can  be  increased  by 
reducing  the  |3-Pb02  particle  size  to  nano-scale  and  enhancing  its 
surface  area  [17, 18],  The  electrochemical  activity  of  Pb02  synthe¬ 
sized  by  chemical  synthesis  is  relatively  lower  than  that  of  Pb02 
obtained  by  electrochemical  reaction  [17,19,20],  But  it  is  much 
easier  to  control  the  Pb02  particle  size,  morphology,  structure  and 
adjust  the  ratio  of  a  and  [1  by  chemical  synthesis.  Moreover,  recent 
works  have  shown  that  the  chemically  prepared  Pb02  particles  also 
can  exhibit  better  electrochemical  activity,  only  if  the  connections 
among  the  particles  and  between  the  particles  and  the  current 
collector  are  built  up  using  a  proper  method  [15,16,21],  For 
example,  Morales  et  al.  [15]  prepared  the  nanostructured  electrode 
by  spraying  an  aqueous  suspension  of  15-20  nm  fi-Pb02  particles 
over  the  lead  alloy  sheets,  the  |3-Pb02  nanoparticles  were  obtained 
by  hydrolysis  of  a  Pb(CH3— COO)4  precursor,  and  the  electrode 
exhibited  high  utilization  of  the  active  material  (about  65%  of  the 
theoretical  capacity  on  discharge  with  1  C  discharge  current).  Ber- 
vas  et  al.  [16]  constructed  the  mini-tubular  electrodes  using  the 
nano  f)-Pb02  with  a  high  surface  area  of  26.4  m2  g_1,  the  Pb02  was 
synthesized  by  the  chemical  oxidation  of  lead(II)  nitrate  with 
ammonium  persulfate  in  strong  alkaline  conditions.  This  tubular 
electrode  displayed  more  than  45%  utilization  ratio  of  the  positive 
active  material  and  achieved  excellent  cycling  stability  in  diluted 
H2SC>4.  de  Andrade  et  al.  [21  ]  assembled  a  tubular  electrode  for  lead 
acid  batteries  directly  using  nanometric  Pb02  particle  which  was 
also  synthesized  by  hydrolysis  of  Pb(CH3— COO)4,  and  the  electrode 
can  maintain  a  high  capacity  of  180  A  h  kg-1  after  more  than  130 
cycles.  The  former  studies  mainly  focused  on  the  nano  |3-Pb02, 
however,  the  a-Pb02  which  plays  the  supporting  and  conducting 
role  was  rarely  considered.  Cui  et  al.  [22]  reported  that  the  com¬ 
posite  electrode  made  with  a-Pb02  and  |3-Pb02  was  beneficial  to 
improve  the  charge/discharge  performance,  yet  the  electro¬ 
chemical  measurements  were  carried  out  using  a  three-electrode 
system.  Furthermore,  the  utilization  ratio  of  the  active  mass,  ca¬ 
pacity  and  cycle  performance  are  not  amply  investigated. 

In  this  work,  urchin-like  and  ball-like  [i-Pb02  particles  with  size 
of  0.5-1  pm,  flower-like  a-Pb02  particle  with  size  of  1-2  pm  were 
chemically  synthesized.  The  individual  and  synergistic  effects  of  a- 
Pb02  and  |3-Pb02  on  the  discharge  capacity  were  investigated.  And 
the  inherent  relationship  between  morphology  and  electro¬ 
chemical  property  of  the  electrode  materials  was  explored.  The 
electrodes  pretreated  by  dilute  sulfuric  acid  would  provide 
improved  cycling  stability.  At  the  same  time,  the  electrodes  showed 
very  high  utilization  ratio  of  active  material. 

2.  Experimental 

2.1.  Material  preparation 

2.1.1.  Synthesis  of  urchin-like  f3-PbC>2 

In  a  typical  synthesis,  0.6  g  Pb(N03)2  and  0.5  g  PVP  were  dis¬ 
solved  in  35  mL  of  deionized  water,  then  3.55  mL  of  0.5  g  mL  1 
NaOH  aqueous  solution  was  added  into  the  solution.  The  mixture 
was  stirred  strongly  to  form  a  transparent  solution.  Thereafter,  2  mL 
NaCIO  solution  (available  chlorine  >5%)  was  added  under  constant 


stirring  to  form  a  homogeneous  solution.  The  above  solution  was 
transferred  into  a  60  mL  Teflon-lined  autoclave,  and  the  autoclave 
was  sealed  and  maintained  at  90  °C  for  10  h.  After  the  autoclave  was 
cooled  down  to  room  temperature  naturally,  the  resulting  brown 
products  were  centrifuged  and  washed  with  deionized  water  and 
ethanol  several  times,  subsequently  dried  at  60  °C  for  4  h  in  air. 

2.1.2.  Synthesis  of  ball-like  /}-Pb02 

Typically,  1.48  mL  of  0.1  g  mL-1  NaOH  aqueous  solution  was 
added  into  a  round-bottom  flask  containing  80  mL  of  0.033  mol  L-1 
Pb(CH3COO)2  ■  3H20  whilst  stirring  it  mechanically,  then  a  milk 
white  suspension  formed.  After  5  min,  10  mL  NaCIO  solution 
(available  chlorine  >5%)  was  poured  into  the  flask,  generating  an 
orange  colored  suspension.  Afterward,  the  flask  was  transferred 
into  a  magnetic  stirring  thermostat  water  bath,  and  maintained  at 
90  °C  for  5  h.  After  cooling  down  to  room  temperature,  the  brown 
product  was  collected  by  centrifugation  and  washed  with  deion¬ 
ized  water  and  ethanol,  finally  dried  at  60  °C  for  4  h  in  air. 

2.1.3.  Synthesis  of  flower-like  a-PbC>2 

Flower-like  a-Pb02  was  prepared  by  a  similar  method  reported 
elsewhere  [22],  In  our  experiment,  (NH4)2S2Os  was  used  as  oxidant. 

2.2.  Characterization 

The  X-ray  powder  diffraction  (XRD)  patterns  of  the  samples 
were  characterized  on  a  Bruker  D8  advanced  X-ray  diffractometer 
equipped  with  graphite  monochromatized  Cu  Ka  radiation 
(Ka  =  1.5418  A).  The  scanning  electron  microscopy  (SEM)  images 
were  taken  by  a  JEOL  JSM-7600F  field  emission  instrument.  The 
transmission  electron  microscopy  (TEM)  images  were  recorded  on 
a  JEM-1011  transmission  electron  microscope  at  an  acceleration 
voltage  of  100  kV. 

2.3.  Electrochemical  performance  test 

The  electrode  for  electrochemical  studies  was  a  thin  film  elec¬ 
trode  which  was  prepared  by  pressing  the  mixture  of  95  wt%  of  the 
synthesized  Pb02  and  5  wt%  of  poly(tetrafluoroethylene)  (60  wt% 
solution)  on  to  a  Pb  sheet,  and  then  dried  at  80  °C  for  24  h.  The 
amount  of  Pb02  in  each  electrode  was  ca.  30  mg.  The  electrode  was 
cycled  in  a  laboratory  mini-cell  and  the  counter  electrodes  were 
two  small  conventional  negative  electrodes  cut  from  a  commercial 
plate.  Compared  to  the  positive  electrode  active  mass,  the  negative 
electrode  active  mass  was  in  large  excess.  The  electrolyte  was  a 
H2SC>4  solution  with  a  relative  density  of  1.245  g  mL-1.  The  cycling 
tests  were  carried  out  on  Land  CT2001A  according  to  the  following 
procedure:  discharge  with  0.1  C  until  the  voltage  fell  to  1.8  V; 
charge  with  0.1  C  until  the  voltage  increased  to  2.4  V;  when  the 
charger  voltage  was  held  constant  at  2.4  V  for  1  h  another  cycle 
began.  The  utilization  ratio  of  the  Pb02  was  evaluated  with  respect 
to  a  100%  theoretical  capacity  of  224  mA  h  g~\ 

3.  Results  and  discussion 

The  XRD  patterns  of  the  as-prepared  p-Pb02  and  a-Pb02  prod¬ 
ucts  are  shown  in  Fig.  1.  All  the  diffraction  peaks  in  Fig.  la  can  be 
indexed  to  a  pure  tetragonal  phase  of  [1-Pb02  (JCPDS  card,  No.  65- 
2826);  while  in  the  XRD  pattern  (Fig.  lb)  except  for  the  diffraction 
peaks  of  p-Pb02,  a  peak  at  28.5°  can  be  seen  obviously  which 
should  be  ascribed  to  the  existence  of  a  small  quantity  of  a-Pb02.  In 
Fig.  lc,  it  is  observed  that  all  the  main  diffraction  peaks  can  be 
assigned  to  the  orthorhombic  phase  of  a-Pb02  (JCPDS  card,  No.  45- 
1416).  The  strong  and  sharp  reflection  peaks  in  the  three  XRD 
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spherical  arrays  with  a  diameter  of  0.5—1  pm,  which  are  self- 
assembled  in  a  radial  way  by  lots  of  aligned  P-PbCh  nanorods. 
The  magnified  SEM  image  (Fig.  2b)  demonstrates  that  the  average 
diameter  and  length  of  the  nanorod  building  blocks  can  be  iden¬ 
tified  as  ca.  20  nm  and  100  nm,  respectively.  At  the  same  time  the 
hollow  structures  can  be  seen  very  clearly  from  the  broken  particles 
in  Fig.  2a  and  b.  This  is  further  supported  by  TEM  (Fig.  2b,  inset); 
careful  contrast  between  the  dark  edge  and  pale  center  confirms 
the  hollow  structures  of  p-PbC>2  microspheres.  Fig.  2c  displays  that 
the  ball-like  p-PbC>2  particles  with  rough  surface  are  almost  the 
same  and  their  diameters  are  also  ca.  0.5—1  pm.  In  Fig.  2d,  it  can  be 
distinctly  observed  that  these  particles  are  constructed  from  many 
smaller  nanoparticles  with  diameters  of  about  50-100  nm.  Fig.  2e 
and  f  reveals  that  the  as-prepared  a-PbC>2  particles  were  composed 
of  a  large  quantity  of  flower  architectures  with  a  size  of  1—2  pm. 
Each  flower  is  formed  by  many  nano-scale  pyramidal  petals.  The 
sizes  of  the  big  and  small  petals  are  ca.  500  nm  and  100-200  nm, 
respectively.  The  clear-cut  edge  and  non-smooth  surface  of  the 
petals  can  be  evidently  observed  in  Fig.  2f. 

The  as-prepared  electrodes  were  assembled  into  laboratory 
mini-cells  to  evaluate  their  electrochemical  performances.  As 
illustrated  in  Fig.  3,  if  the  electrode  made  with  P-Pb02:a-PbC>2  (1:1) 
was  charged/discharged  at  0.1  C  without  the  constant  voltage 
charge  step,  only  a  capacity  of  56.2  mA  h  g-1  can  be  obtained  after 
50  cycles,  and  the  corresponding  active  material  utilization  ratio  is 
25%.  However,  when  the  charge  condition  was  made  a  small 
change,  i.e.  holding  constant  at  2.4  V  for  1  h,  a  visible  experimental 
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Fig.  1.  XRD  patterns  of  the  samples. 


patterns  suggest  that  the  obtained  PbC>2  samples  are  well 
crystallized. 

The  morphology  and  microstructure  of  the  as-prepared  samples 
were  further  characterized  by  SEM.  Fig.  2a  shows  a  typical  SEM 
image  of  uniform  three-dimensional  (3D)  urchin-like  micro 


Fig.  2.  SEM  images  of  the  samples:  (a-b)  urchin-like  [i-Pb02,  (c-d)  ball-like  fi-Pb02,  (e-f)  flower-like  ct-Pb02. 
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Fig.  3.  Comparisons  of  discharge  performance  at  different  ratios  and  charge  condi¬ 
tions.  Urchin-like  (i-Pb02  and  flower-like  a-Pb02  are  used  to  make  contrasts. 


phenomenon  appears:  the  discharge  capacity  is  markedly 
increased  from  the  2nd  to  50th  cycles.  It  reaches  a  very  high  ca¬ 
pacity  of  183.7  mA  h  g  _1  at  the  50th  cycle.  The  above  test  results 
suggest  that  the  constant  voltage  charge  step  can  accelerate  the 
conversion  of  partial  a-Pb02  to  p-Pb02  and  build  up  the  connection 
between  particles,  which  will  be  beneficial  to  improve  the 
discharge  performance  of  the  electrode.  To  further  confirm 
whether  the  conversion  of  a-Pb02  to  P-Pb02  has  happened,  the 
phases  of  the  electrode  material  were  characterized  by  XRD  when 
the  electrode  executed  certain  cycles.  As  shown  in  Fig.  4b,  the 
electrode  made  with  urchin-like  P-Pb02  and  flower-like  a-Pb02  in 
the  ratio  of  1:1  without  constant  voltage  step  after  50  cycles  is 
composed  of  three  phases:  P-Pb02,  a-Pb02  and  PbSC>4,  and  by 
comparing  the  peak  intensities  of  a-Pb02  with  that  in  Fig.  lc,  we 
can  concluded  that  most  of  a-Pb02  reacted  with  the  electrolyte 
producing  PbSC>4.  However,  in  Fig.  4a,  the  diffraction  peaks  of  P~ 
Pb02  can  be  clearly  observed,  which  means  that  the  conversion  of 
a-Pb02  to  P-Pb02  really  happened  in  the  electrode  made  with  only 
flower-like  a-Pb02  by  the  constant  voltage  charge  step  after  50 


urchin-like  (i-Pb02  and  flower-like  a-Pb02  in  the  ratio  of  1:1  with  no  constant  voltage 
step  after  50  cycles,  (c)  urchin-like  |f-Pb02  and  flower-like  a-Pb02  in  the  ratio  of  1:1 
after  100  cycles. 


cycles.  And  the  conversion  is  further  confirmed  by  Fig.  4c,  the 
electrode  made  with  urchin-like  P-Pb02  and  flower-like  a-Pb02  in 
the  ratio  of  1 :1  after  100  cycles  mainly  consists  of  P-Pb02,  only  one 
a-Pb02  peak  can  be  detected  and  it  is  very  weak.  In  addition,  Figs.  3 
and  5  show  that  the  electrodes  prepared  with  these  chemically 
synthesized  lead  dioxides  have  discharge  capacities  about  or  less 
than  40  mA  h  g  1  during  the  initial  cycles.  On  further  cycling, 
however,  a  significant  increase  in  electrode  discharge  capacity  to 
150-180  mA  h  g-1  is  observed  after  50-100  cycles  (Fig.  5).  More¬ 
over,  the  P-Pb02  electrode  itself  exhibits  a  several-fold  increase  in 
discharge  capacity,  which  indicates  that  its  composition  and 
structure  are  changed.  According  to  the  gel-crystal  mechanism 
proposed  by  Pavlov  [23-25],  chemically  synthesized  Pb02  has 
crystal  structure,  while  the  electrochemically  produced  Pb02  par¬ 
ticles  contain  crystal  and  hydrated  (gel)  zones,  and  this  gel-crystal 
system  possesses  high  electron  and  proton  conductivities.  The 
electrochemical  reactions  proceed  in  the  gel  zones  of  the  Pb02 
active  mass  and  thus  greater  volume  of  the  lead  dioxide  is  involved 
in  the  electrochemical  processes  and  hence  the  electrode  capacity 
is  increased.  Therefore,  on  the  basis  of  our  obtained  experimental 
data,  it  can  be  concluded  that  the  p-Pb02  particles  get  hydrated  and 
acquire  the  properties  of  electrochemically  produced  Pb02.  The 
formation  of  hydrated  zones  in  the  Pb02  particles  during  cycling 
and  their  involvement  in  the  electrochemical  processes  of  charge 
and  discharge  should  bear  the  primary  responsibility  for  the  higher 
electrode  discharge  capacity  on  cycling.  The  electrodes  made  with 
individual  p-Pb02  or  a-Pb02  have  the  similar  discharge  capacity 
curves  except  for  the  initial  10  cycles.  Especially,  the  first  discharge 
capacity  of  [f-Pb02  is  9.9  mA  h  g_1,  which  is  3  times  higher  than  that 
of  a-Pb02  (3.2  mA  h  g-1).  But  with  the  progress  of  the  cycle,  the 
difference  of  discharge  capacity  value  becomes  smaller,  which  can 
be  attributed  to  the  conversion  of  a-Pb02  to  p-Pb02.  In  comparison 
with  individual  ff-Pb02  electrodes  the  mixture  electrodes  made 
with  p-Pb02:a-Pb02  (1:1  and  3:1)  possess  the  remarkably  higher 
capacity.  The  reason  is  that  the  presence  of  an  appropriate  amount 
of  flower-like  a-Pb02  with  larger  particle  size  in  positive  active 
materials  will  help  to  construct  the  frame  structure  and  form  a 
conductive  network  in  the  electrode.  Thereby,  the  discharge  ca¬ 
pacities  of  the  initial  cycles  and  the  active  material  utilization  ratio 
can  be  further  enhanced.  The  electrode  made  with  p-Pb02:a-Pb02 
(1:1)  contains  more  a-Pb02  than  that  with  P-Pb02:a-Pb02  (3:1), 
therefore,  more  frame  structure  and  conductive  network  can  be 
formed,  which  will  make  more  P-Pb02  get  involved  in  the  charge/ 


Cycle  number 


Fig.  5.  Comparative  cycle  performances  of  urchin-like  (1-Pb02,  ball-like  P-Pb02  and 
flower-like  a-Pb02  in  the  ratio  of  1:1.  And  the  cycle  behavior  of  the  electrodes  pre¬ 
treated  in  1  M  H2S04  solution  for  3  h. 


V.  Fan  et  al.  /  Journal  of  Power  Sources  254  (2014)  323-328 


327 


discharge  reaction  and  as  a  result  a  relatively  higher  capacity  is 
obtained.  Anyway,  the  coexistence  and  proportion  of  a-PbC>2  and  [i- 
PbC>2  is  indispensable  to  improve  the  electrochemical  performance 
of  positive  electrode  [26], 

On  the  basis  of  the  above  experimental  data  analysis,  the  ratio  of 
p-Pb02 :  a-Pb02 1 : 1  was  adopted  for  further  experimental  studies.  In 
order  to  investigate  the  effect  of  the  morphologies  of  fl-Pb02  on  the 
electrochemical  property  of  the  electrode,  two  kinds  of  electrodes 
were  made  using  the  as-prepared  urchin-like  and  ball-like  (l-PbCh 
samples  with  the  same  proportion  of  a-Pb02.  As  shown  in  Fig.  5,  the 
two  electrodes  can  deliver  the  discharge  capacity  of  183  mA  h  g-1 
and  178.2  mA  h  g-1  after  100  cycles,  respectively,  which  is  close  to 
the  best  result  reported  by  Andrade  et  al.  [21  ]  and  superior  to  the 
results  in  other  literatures  [16,27],  However,  the  cycle  curve  of  the 
electrode  made  with  urchin-like  P-PbC>2  is  much  higher  than  that 
prepared  with  ball-like  P-PbC>2.  The  special  morphology  and 
microstructure  of  the  urchin-like  p-Pb02  sample  should  be 
responsible  for  the  increased  discharge  capacity  of  the  electrode. 
The  two  types  of  p-PbC>2  samples  have  almost  the  same  particle 
size,  but  the  particular  hollow  and  radial  nanorods  structures  of  the 
urchin-like  p-PbC>2  enlarge  its  surface  area,  which  will  lead  to  a 
large  contact  area  between  the  active  material  and  the  electrolyte. 
Furthermore,  the  typical  urchin-like  structure  can  offer  unique 
advantages  for  electrolyte  storage  and  make  fast  diffusion  of  H+  and 
SOI-  ions  in  the  electrode.  According  to  the  literature  report  [21  ], 
the  electrodes  were  pretreated  by  following  the  procedure:  incu¬ 
bated  in  1  M  H2S04  solution  for  3  h,  washed  with  deionized  water, 
dried  at  60  °C  overnight,  placed  into  the  mini-cell,  submitted  to  a 
charge  current  of  5.0  mA  g-1  for  30  min  and  discharged  to  1.8  V,  and 
then  the  charge/discharge  cycles  began.  It  can  be  seen  from  Fig.  5 
that  the  initial  several  discharge  capacities  of  the  two  electrodes 
are  visibly  enhanced.  And  the  two  electrodes  have  the  similar  level 
in  terms  of  discharge  capacities  during  the  initial  25  cycles.  But 
compared  with  the  electrode  fabricated  with  ball-like  P-PbC>2,  the 
electrode  made  with  urchin-like  p-PbC>2  exhibits  higher  discharge 
capacity  in  the  following  cycles.  Finally  a  capacity  of  146.7  mA  h  g-1 
can  be  obtained  after  100  cycles,  and  its  corresponding  active 
material  utilization  ratio  can  reach  65%.  Although  the  two  elec¬ 
trodes  after  pretreatment  display  relatively  lower  discharge  ca¬ 
pacities,  the  difference  in  discharge  capacity  value  is  reduced  from 
the  1st  to  the  100th  cycles  compared  to  the  electrodes  before 
pretreatment,  so  the  stability  of  the  holistic  cycle  curve  is  improved, 


1:1. 


which  is  very  important  for  the  practical  application  of  electrode. 
There  are  some  differences  between  our  experimental  results  and 
the  literature  reports  [21  ],  this  may  be  because  the  type  of  electrode 
used  in  our  experiment  is  the  thin  film  electrode,  however,  in  the 
literature  the  tubular  electrode  is  employed.  Therefore,  the  similar 
pretreatment  could  cause  difference  impact  on  the  electrode. 
Nevertheless,  in  general  the  pretreatment  will  help  to  establish 
connections  among  the  particles  and  improve  the  stability  of  cycle. 

After  100  cycles,  the  rate  performance  of  the  electrode  made 
with  urchin-like  p-Pb02  and  flower-like  a-Pb02  in  the  ratio  of  1:1 
was  evaluated  at  progressively  increasing  current  densities 
following  symmetric  rates  of  charge  and  discharge.  The  rates  were 
increased  starting  with  0.1  C  to  0.2  C,  0.4  C,  and  as  high  as  1  C.  And 
the  resulting  charge/discharge  curves  are  presented  in  Fig.  6.  The 
discharge  capacity  of  154.8  mA  h  g-1  and  133.7  mA  h  g-1  can  be 
obtained  at  0.2  C  and  0.4  C,  respectively.  Unexpectedly,  even  at  1  C 
the  electrode  was  still  able  to  deliver  a  capacity  of  97.2  mA  h  g-1. 
The  rate  behavior  of  our  sample  is  better  than  the  other  reports  [28, 
29],  and  the  progress  achieved  here  can  be  ascribed  to  the  thin  film 
electrode  adopted  in  our  experiment.  In  this  type  of  electrode,  the 
contact  area  between  the  active  material  and  the  current  collector 
is  increased,  just  like  the  former  report  [30], 

4.  Conclusions 

Nanostructured  urchin-like  and  ball-like  [i-PbCh,  flower-like  a- 
Pb02  were  chemically  synthesized.  The  crystal  phase,  morphology 
and  microstructure  of  the  as-prepared  samples  can  greatly  affect 
the  electrochemical  properties  of  the  electrode.  The  flower-like  a- 
Pb02  with  lager  particle  size  in  positive  active  materials  will  help  to 
construct  the  frame  structure  and  form  a  conductive  network  in  the 
electrode.  The  urchin-like  fi-Pb02  with  particular  hollow  and  radial 
nanorods  structures  can  improve  the  contact  area  with  the  elec¬ 
trolyte,  offer  unique  advantages  for  electrolyte  storage  and  make 
fast  diffusion  of  H+  and  SO|-  ions  in  the  electrode.  In  addition,  the 
constant  voltage  charge  step  can  accelerate  the  conversion  of  par¬ 
tial  a-Pb02  to  P-Pb02  and  built  up  the  connection  between  parti¬ 
cles.  More  importantly,  the  hydrated  zones  can  be  formed  in  the 
Pb02  particles  during  cycling  and  subsequently  involved  in  the 
electrochemical  processes  of  charge  and  discharge.  Due  to  the 
above  four  factors,  the  electrodes  would  be  able  to  present  the 
increased  discharge  capacities.  Moreover,  the  pretreatment  is  also 
important  for  the  electrode,  which  will  help  to  establish  connec¬ 
tions  within  the  active  materials  and  improve  the  stability  of  cycle. 
Our  experimental  results  indicate  that  it  should  be  possible  to 
construct  a  thin  film  electrode  with  high  discharge  capacity,  good 
cycling  stability  and  excellent  rate  performance  using  chemically 
synthesized  Pb02.  Nevertheless,  it  still  is  a  challenge  to  find  the 
more  proper  pretreatment  process  and  charge  method  to  improve 
the  initial  cycle  performance.  And  the  thin  film  electrode  technol¬ 
ogy  possibly  sheds  light  on  a  new  type  of  nanostructure-based 
lead-acid  battery,  which  deserves  more  extensive  research  in  the 
future. 
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